In this study, a novel approach to measure the absolute cytoplasmic Ca 2+ concentration ([Ca 2+ ] cyt ) using the Ca 2+ indicator fluo-3 AM was established. The parameters associated with the probe fluo-3 AM were optimized to accurately determine fluorescence intensity from the Ca 2+ -bound probe. Using three optimized parameters (final concentration of 6 mM probe, incubation time of 135 min, loading probe before plasma treatment), the maximum fluorescence intensity (F max =527.8 a.u.) and the minimum fluorescence intensity (F min =63.8 a.u.) were obtained in a saturated Ca 2+ solution or a solution of lacking Ca ] cyt induced by cold plasma was 1232.5 nM. Therefore, the Ca 2+ indicator fluo-3 AM was successfully applied to measure the absolute [Ca 2+ ] cyt in Saccharomyces cerevisiae stimulated by cold plasma at atmospheric air pressure.
Introduction

Calcium ion (Ca
2+
) is an important second messenger molecule in cells, closely associated with cell growth, maturation and reproduction [1] . In microbial fermentation, there is a positive relationship between biomass and target products [2, 3] . Therefore, Ca 2+ plays a key role in the regulation of microbial productivity.
Recently, cold plasma at atmospheric pressure has been applied as an emerging technology to enhance the ethanol productivity of Saccharomyces cerevisiae [4] . Our earlier study showed that cold plasma at atmospheric pressure could promote the increase of the cytoplasmic Ca 2+ concentration ([Ca 2+ ] cyt ) of S. cerevisiae [5] . A previous study reported that Ca 2+ concentration from 1 to 10 μM is beneficial for cell growth and product formation, but a higher concentration of Ca 2+ inhibits cell growth and even promotes cell death [6, 7] . As a result, it is important to optimize and accurately measure [Ca 2+ ] cyt that can promote yeast growth and productivity. Non-ratiometric and ratiometric dyes, such as fluo-3 AM and fura-2 AM, coupled with confocal microscopy have been used to measure Ca 2+ concentration based on variations in fluorescence intensity. However, absolute [Ca
] cyt could not be measured directly and accurately by the earlier reported method [8, 9] . Therefore, it is necessary to establish a precise method to determine and characterize absolute [Ca
] cyt . Fluo-3 AM is widely used to measure cellular calcium levels, as it is a single wavelength excitation probe with the properties of high affinity and high sensitivity for Ca 2+ . Until now, little information has been available about the use of flou-3 AM to determined absolute [Ca
] cyt of S. cerevisiae. The interaction mechanism between fluo-3 AM and Ca 2+ is shown in figure 1 . However, its fluorescence intensity is easily influenced by several factors, such as [Ca
] cyt , probe concentration, incubation time of probe and so on. In this study, the parameters associated with loading fluo-3 AM were firstly optimized, and then a novel approach to accurately measure absolute [Ca
] cyt of S. cerevisiae induced by cold plasma at atmospheric air pressure with a combination of fluo-3 AM and a multifunctional microplate reader was developed. Cells were stained with fluo-3 AM (AAT Bioquest Inc., USA) for measuring [Ca 2+ ] cyt as a final concentration of 0-12 μmol ml −1 from a previously report [5] . Briefly, the fluorescent probe fluo-3 AM was added to a suspension of yeast cells. The cell suspension was cultured in the dark at 37°C for 15-215 min, followed by centrifugation at 12000×g for 15 min. The cells were washed and re-suspended in PBS. The amount of Ca 2+ in the cytoplasm was determined from the fluorescence intensity measured with a multi-functional microplate reader at excitation and emission wavelengths of 506 and 526 nm, respectively. Fluorescence intensity was expressed as a percentage relative to the control.
Experiments
Cell viability assay
A 10 μl cell suspension from either the control or treatment groups was mixed with 30 μl methylene blue (0.1 mg ml −1 stock solution, dissolved in a 2% dihydrate sodium citrate solution, Nanjing Jiancheng Bioengineering Institute, China) and observed by light microscopy. Cell viability was measured from at least 200 cells in one biological replicate. Live cells were colorless due to the enzymatic reduction of the dye and dead cells were stained blue [10] .
The determination methods of F max and F min were modified from a previously published method [11] . The formula (1) for fluo-3 AM of single wavelength dye was used to calculate absolute [Ca
2+
] cyt in live cells.
where K d (325 nM) is the dissociation constant; F stands for measured fluorescence; F min is the fluorescence of the probe in the absence of Ca 2+ and F max is the fluorescence of the probe at saturation point of Ca
. Therefore, F min and F max were determined from the fluorescence values obtained by cell suspensions containing fluo-3 AM and known concentrations of EGTA (0-30 mM), a calcium chelator or Ca 2+ (0-55 mM) with a 0.8 mM stock solution of Pluronic F-127 which prevented fluo-3 AM aggregation in YPD liquid medium and helped the probe access the cells.
DBD plasma treatment
The cold plasma discharge equipment (Nanjing Su Man Electronics Co., Ltd, China) and the main steps involved in the sample exposure process were similar to those described in our earlier report [5] . A 500 μl cell suspension containing approximately 5.0×10 5 cells ml −1 was used for each plasma treatment. The untreated cell suspension was as the control. The untreated and treated cell suspensions were immediately used to measure absolute [Ca
2+
] cyt .
Data analysis
All measurements were performed in triplicate. All data statistics, including means, standard errors and significance comparisons, were calculated using Origin 7.0 software. One- factor analysis of variance (one-way ANOVA) test was used to evaluate the statistical significance of data from the groups of the different treatment times or of the different loading sequences of probe at same treatment time. Significant differences between test and control samples were considered at the P<0.05, P<0.005 or P<0.001 level.
Results and discussion
Optimization of fluo-3 AM concentration
To obtain the maximum fluorescence intensity in cells, the probe concentrations were optimized, as shown in figure 2 . The fluorescence intensity in cells increased with probe concentrations from 0 to 6 μM, and then decreased with probe concentrations from 8 to 12 μM. The maximum fluorescence intensity in cells was obtained when the probe concentration was 6 μM. The result showed the 6 μM fluo-3 AM could most sufficiently bind to the cytoplasmic Ca 2+ and generate the strongest fluorescence signal in all explored probe concentrations.
Optimization of fluo-3 AM incubation time
As shown in figure 3 , the incubation time of fluo-3 AM was optimized to achieve the maximum fluorescence intensity. The fluorescence intensity of fluo-3 AM increased during incubation time from 0 to 135 min, and then decreased from 155 to 215 min. The maximum fluorescence intensity was at 135 min. The result indicated that the 135 min incubation time could induce the generation of the strongest fluorescence signal of fluo-3 in all investigated incubation times.
Optimization of probe loading sequence
Considering the plasma property of degrading macromolecules [12] , fluo-3 AM might be degraded during plasma treatment, which will influence [Ca
2+
] cyt determination. Therefore, the probe loading sequence, whether the probe was loaded after plasma exposure or before plasma exposure was investigated by the assays of cell viability and relative
It is important to estimate the effect of plasma discharge on fluo-3 AM and to ensure the accuracy of
The influences of cold plasma at atmospheric air pressure on the different probe loading sequences were shown in figures 4 and 5. At the same discharge time, cell viability was not significantly altered by different probe loading sequences (figures 4 and 5(A)). The result indicated that the sequences of loading probe did not influence the cell viability. Cell viability was negatively correlated with discharge time, and the cell viabilities of the 5 min exposure groups from loading probe before plasma exposure and after plasma exposure all markedly decreased by 15.1% and 10.6% compared to the controls ( figure 5(A) ). The result further indicated the decrease of cell viability mainly attributed to the role of plasma discharge.
Cytoplasmic calcium ion concentrations in all treated groups of different probe loading sequences significantly increased with the increase of plasma discharge time ( figure 5(B) ). The result indicated that the alternation of [Ca 2+ ] cyt mainly attributed to the role of plasma discharge time. However, [Ca 2+ ] cyt was not significantly changed by different probe loading sequences at the same discharge time ( figure 5(B) ). The results indicated that plasma treatment could not induced the probe degradation, as a result, the probe loading sequences also could not influence the determination of [Ca 2+ ] cyt . Therefore, [Ca 2+ ] cyt determination depended on the concentration of cells with same viability at the same treatment time and the different treatment time. Finally, loading probe before plasma exposure was selected in the latter experiments for simplifying the process of probe loading. 
Estimation of F max and F min
As shown in figure 6(A) , fluo-3 AM fluorescence intensity increased when CaCl 2 was added at concentrations from 0 to 15 mM, and then decreased when 25-55 mM CaCl 2 was used. The maximum fluorescence intensity was obtained with the addition of 15 mM calcium ion. The F max from Ca 2+ saturated cellular dye was 527.8 a.u.
As shown in figure 6 (B), fluo-3 AM fluorescence intensity decreased in cells following the addition 0-20 nM EGTA, and then increased with the addition of 25-30 nM EGTA. The minimum fluorescence intensity (F min =63.8 a.u.) was obtained with the addition of 20 mM EGTA, which was used for Ca 2+ -free calibration solution ('0 Ca 2+ ' solution). The results indicated that F max or F min was obtained in saturated Ca 2+ or 0 Ca 2+ solution, respectively, under optimized conditions with a 6 μM fluo-3 AM, a 135 min incubation time and probe loading before plasma exposure.
[Ca
2+
] cyt in cells induced with cold plasma Figure 7 showed the influence of cold plasma at atmospheric air pressure on intracellular absolute calcium ion concentration detected by fluo-3 AM according to the formula (1).
[Ca 2+ ] cyt in treated groups were all significantly increased compared with the control. The first peak of [Ca indicated that the absolute [Ca 2+ ] cyt induced by air cold plasma could be measured under the optimized conditions.
The purpose of this study was to establish a method to measure absolute [Ca 2+ ] cyt of S. cerevisiae induced by air cold plasma with Ca 2+ indicator fluo-3 AM. Fluo-3 AM has been widely used in Ca 2+ measurements of animal and plant cells, but has not often been used in the Ca 2+ measurement of microbial cells, especially S. cerevisiae [13] [14] [15] . Therefore, it is necessary to optimize the parameters associated with fluo-3 AM labeling before Ca 2+ measurement in S. cerevisiae. The maximum fluorescence intensity of fluo-3 AM was obtained under the optimized parameters of 6 μM final probe concentration, 135 min incubation time, loading probe before plasma treatment. The optimized final concentration and probe incubation time were different from those reported by Loughrey et al [14] . It was possible that the cell wall of S. cerevisiae might block the entry of fluo-3 AM into cells. Therefore, the final concentration and incubation time of fluo-3 AM were greater than those used for animal cells.
F min (63.8 a.u.) or F max (527.8 a.u.) was determined in the nominal absence or presence of saturating Ca 2+ concentrations. The values of F max and F min in S. cerevisiae were smaller than those in frog skeletal muscle fibers [16] . This difference might be due to the species variation between S. cerevisiae and frog.
The ] cyt of cells exposed to plasma for 1 min reached 865.1 nM. During plasma discharge, the reactive oxygen and nitrogen species (RONS), such as radical
, were generated in the gas phase, at gas-aqueous interface and in aqueous phase [17, 18] . These exogenous RONS firstly induced external Ca 2+ influx into the cytosol by the Cch1p/Mid1p channel on the cell membrane [5] , resulting in a formation of the first [Ca
] cyt peak after 1 min treatment. Then these exogenous RONS seeped into cells and enhanced the efflux of vacuolar Ca 2+ into cytosol by the vacuolar channel Yvc1p [19, 20] . The accumulation of external and internal Ca 2+ might promote the maximum [Ca
] cyt generation after 5 min treatment. 
Conclusions
Optimization of parameters relating to probe loading has been successfully performed in this study. Using three optimized parameters (final concentration of 6 mM probe, incubation time of 135 min, loading probe before plasma treatment), the F max of 527.8 a.u. and F min of 63.8 a.u. were obtained by determining the fluorescence intensity of fluo-3 AM in saturated Ca 2+ or 0 Ca 2+ solution. As a result, the absolute [Ca 2+ ] cyt induced by cold plasma at atmospheric pressure was calculated by the given formula (1). Furthermore, the maximum [Ca 2+ ] cyt induced by cold plasma at atmospheric pressure was obtained at 5 min, which reached 1232.5 nM. This study established a novel approach to measure absolute [Ca 2+ ] cyt of S. cerevisiae induced by air cold plasma with fluo-3 AM.
